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Abstract
Motivated by recent experimental study of antiferromagnetic property of hon-
eycomb compound In3Cu2VO9 [Yan et al., PRB 85, 085102 (2012)], we ex-
plore possible superconductivity and its coexistence with collinear antiferro-
magnetism. Explicitly, we use the t-t′-J model on the honeycomb lattice as our
starting point and employ the slave-boson mean-field theory. In the antifer-
romagnetic normal state, the characteristic doping evolution of Fermi surface
shows that only one effective singe band is active, which suggests that the poten-
tial pairing symmetry is more likely the time-reversal symmetry breaking d+ id,
rather than the extended s-wave pairing structure. It is found that this super-
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conducting state coexists with the antiferromagnetism in a broad doping regime,
which is consistent with the numerical calculations. The local density of states
and its thermodynamic property of the superconducting state has been studied
in detail with an effective single-band picture for understanding other physical
observable such as superfluid density. The present work may be useful in exper-
imentally exploring possible superconductivity of this kind of materials on the
honeycomb lattice and contributes to the understanding of the unconventional
superconductivity on general two-dimensional correlated electron systems.
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PACS: [2010] 71.27.+a, 75.10.Kt
1. Introduction
The t-J-like model is one of the most fundamental theoretical model in con-
densed matter physics, which is believed to be able to capture the essence of
high temperature superconductivity of cuprate.[1] However, in spite of twenty
years’ extensive and intensive study, the basic feature of such model is still5
controversial due to its nonperturbative feature,[2, 3] which hinders the further
understanding of the unconventional superconductivity.
Recently, the t-J model on the honeycomb lattice has re-attracted much
attention and has been investigated by the renormalized mean-field theory
(RMFT)[2, 4] and the Grassmann tensor product state (GTPS) approach. [5]10
Theoretically, this was motivated by comparing it to the more standard and
more familiar models on the square lattice. It is expected that such parallel
study may provide more insight into the secret of cuprates. On the other hand,
the experimentally found insulating compound In3Cu2VO9 has a honeycomb
lattice structure [6] and its magnetic property has been further explored by Yan15
et al. [7]. The basic electronic band structure of such compound is calculated
by the density functional theory.[8] In the undoped case, the ground state of this
material is probably a Ne´el antiferromagnet and the Co2+ replacement of Cu2+
will lead to an antiferromagnetic long-range order. If doping, it may allow one
2
to introduce the t-J-like model to understand the magnetic property and possi-20
ble superconductivity of this material, similar to the case in cuprates. [Doped
graphene may also be relevant to t-J-like model if strong coupling condition is
achieved.[9, 10, 11, 12, 13]]
Actually, the numerical GTPS simulation found a large coexistent regime for
the superconducting (SC) and antiferromagnetic (AF) states, [5] which has been25
completely missed by the RMFT calculation. [4] Even the AF state itself has
not been captured by their mean-field theory. However, based on our knowledge
on electron-doped cuprates,[14, 15, 16, 17] the slave-boson mean-field (SBMF)
theory can correctly reproduce the experimentally observed doping dependent
phase diagram of t-J-like model, particularly when the AF long-ranged order30
exists. Therefore, in the present paper, we try to understand the doping depen-
dent physics of the t-t′-J model on the honeycomb lattice by using the simple
but reliable SBMF theory, which is able to provide more physical picture of the
t-J-like model, when comparing to the numerically sophisticated GTPS method.
We first focus on the electronic structure of the antiferromagnetic normal35
state. The characteristic doping evolution of magnetization and Fermi surface
indicate that only one effective singe band is active and is responsible for pos-
sible pairing instability. Due to such single-band feature, the candidate pairing
state should be the time-reversal symmetry breaking d + id structure, rather
than the extended s-wave. With this pairing symmetry, we find that the su-40
perconductivity and antiferromagnetism can coexist in a broad doping regime,
which is quantitatively consistent with the numerical calculation.[5] To further
explore the property of the superconducting states, we discuss the local density
of states, their thermodynamic behaviors and an effective single-band model.
With the single-band picture, the superfluid density, Knight shift and the spin45
relaxation rate are discussed. We also make a comparative study between the
honeycomb and the square lattices and find that the global phase diagram of
these two systems is similar in spite of the topology of lattice.
The remainder of this paper is organized as follows. In Sec.2, t-t′-J model on
the honeycomb lattice is introduced and its mean-field formalism is derived. In50
3
Sec.3, the antiferromagnetic normal state is detailed studied and the correspond-
ing Fermi surface topology is shown. Next, Sec.4 provides the results on the
superconducting state, where the local density of state and the thermodynamic
entropy are calculated. An effective single-band model for superconducting state
is also proposed in this section. A brief comparison to the square lattice case is55
given in Sec.5 Finally, we end this work with a brief conclusion in Sec.6.
2. The model and mean-field approximation
The t-t′-J model on the honeycomb lattice is defined as follows,
H = Pˆ [−t
∑
〈ij〉σ
(a†iσbjσ + b
†
iσajσ)
−t′
∑
〈〈ij〉〉σ
(a†iσajσ + b
†
iσbjσ)]Pˆ + J
∑
〈ij〉
~Si · ~Sj . (1)
Here, as usual, the projection operator Pˆ =
∏
i(1−ni↑ni↓) prohibits any double
occupation on each site. The t (t′) term denotes nearest (next-nearest) neighbor60
hopping between different (the same) sublattice. The Heisenberg exchange term
(J-term) considered here works for only nearest neighbor sites, although more
long-ranged spin-spin interaction (e.g. the next-nearest exchange term, which
competes with the nearest one and leads to frustration effect) can be readily
added.65
Generically, the t-J like model is derived frommore fundamental/microscopic
Hubbard model in the strong coupling limit, where the double occupation is
not allowed in the physical Hilbert space due to the large Hubbard U term.[3]
However, the t-J model can also be an effective low-energy model from more
complex model Hamiltonian, as well-known in the high temperature super-70
conductivity of cuprate.[1] For the present case with honeycomb lattice, the
single-band Hubbard model at half-filling is detailed studied by many numerical
simulations.[18, 19, 20] The conclusion from those studies is that the ground-
state is the usual antiferromagnetic state in the strong coupling limit while the
usual Dirac metal state is stable in the weak coupling limit. The t-J model on75
4
the honeycomb lattice is discussed by RMFT[4] and GTPS[5] approach as well.
Interestingly, as shown in the GTPS calculation, there may exist a d+ id super-
conducting state, which coexists with collinear antiferromagnetic spin-density-
wave (SDW) state at low doping.
Following the conventional slave-boson mean-field treatment,[15] the hop-80
ping term can be approximated as
H0 =
∑
kσ
[−tδf(k)f †akσfbkσ + h.c.
−(t′δγ(k) + µ)(f †akσfakσ + f †bkσfbkσ)], (2)
where the chemical potential µ is added with aiσ ≃
√
δfaiσ and biσ ≃
√
δfbiσ. (δ
denotes the doping level deviated from half-filling and the total filling density
is nc = 2(1 − δ).) We have also defined f(k) = eikx + 2e−ikx/2 cos(
√
3ky/2)
and γ(k) = 2 cos(
√
3ky) + 4 cos(
√
3ky/2) cos(3kx/2) and find that γ(k) + 3 =85
|f(k)|2. From the above expression, a noticeable effect of doping is to reduce
the hopping energy, thus the interaction effect is more important in the present
case than the unprojected free electrons. For the particular half-filling case,
the hopping term totally vanishes and the t-J model reduces to the simple
Heisenberg model, which gives rise to an insulating ground-state with collinear90
antiferromagnetism. Meanwhile, with the slave-boson representation ~Sa(b) =
f †a(b)
~σ
2 fa(b) , the Heisenberg exchange term can be approximated as
Szi S
z
j ≃ m2 −
m
2
∑
σ
σ(f †aiσfaiσ − f †biσfbiσ),
1
2
(S+i S
−
j +H.c.) ≃
−χ
2
∑
σ
[f †aiσfbjσ +H.c.] + χ
2 (3)
with the self-consistent staggered magnetizationm = (−1)i < Szi > and valence-
bond order χ =< f †aiσfbjσ >. Note that, the staggered magnetization is not
included in usual slave-boson treatment since one focuses on the possible non-95
magnetic quantum spin liquids or non-Fermi liquids. As a matter of fact, such
an antiferromagnetic SDW approximation is crucial for realistic applications
such as electron-doped cuprate,[14, 15, 16, 17] where the antiferromagnetism
5
persists up to optimal doping and coexists with superconductivity around op-
timal doping. On the other hand, the candidate honeycomb insulating com-100
pound In3Cu2VO9 seems to yield an antiferromagnetic ordered state at low
temperature.[6, 7] With this real material in mind, it is reasonable to explicitly
include the antiferromagnetism from the beginning. This is rather different from
RMFT of Ref.[4], where only nonmagnetic states are considered.
Furthermore, if one considers the particle-particle channel or pairing insta-105
bility, the Heisenberg exchange term can be rewritten as
~Si · ~Sj = −1
2
[(f †ai↑f
†
bj↓ − f †ai↓f †bj↑)(fbj↓fai↑ − fbj↑fai↓)] +
1
4
Then, defining the pairing order parameter < f †i↑f
†
j↓−f †i↓f †j↑ >= −∆ij , we have
~Si · ~Sj ≃ 1
2
[∆⋆ij(f
†
i↑f
†
j↓ − f †i↓f †j↑) +H.c.+ |∆ij |2]. (4)
With different choice of ∆ij , one can detect possible paring instability based
on the lattice symmetry of honeycomb lattice. Since the t-t′-J model possesses
antiferromagnetic interaction built in, in general, the singlet pairing is more110
relevant than the triplet pairing structure. Thus, the candidate pairing structure
for the present case should be extended s-wave (uniform s-wave is suppressed due
to no double-occupation condition), d-wave, and so on. Furthermore, according
to the previous numerical[5] and analytical[4] analysis, the chiral d+ id pairing
state is energetically more favored than any other pairing possibility. Therefore,115
we mainly focus on this d+id pairing when superconducting states are involved.
[We have checked that the d + id pairing is energetically more favored than
the extended s-wave in our mean-field calculation, which is consistent with the
phenomenological model calculation of Ref.[11].] A careful reader may wonder
why extended s-wave state is not favored in t-t′-J model on honeycomb. Crudely,120
it is due to the elusive fermiology which means that for a generic single Fermi
surface, the attraction in the extended-s wave channel is suppressed by the local
Coulomb interaction.[21][The local Coulomb interaction is not included in the
present model for simplicity but it always appears in realistic situations.] Only
when other compensating Fermi surface in regions with opposite sign structure125
6
appears, the Fermi surface average of the superconducting gap function will
vanish, which permits a decoupling of the extended s-wave pairing from the
repulsive Coulomb interaction. [This case appears in the superconductivity
of iron-based compounds.[22]] In contrast, as a result of symmetry, the d-wave
pairing decouples from the repulsive Coulomb interaction, thus it is more favored130
and ubiquitous in model calculations and real materials.
3. Antiferromagnetic normal state
In this section, the nonsuperconducting normal state of t-t′-J model on hon-
eycomb lattice is inspected from the slave-boson mean-field treatment. As what
has been explained in last section, the antiferromagnetism is explicitly consid-135
ered from the beginning and the resulting mean-field Hamiltonian reads [using
Eqs.(2) and (3)]
HAFM =
∑
kσ
[(−tδf(k)− Jχ
2
)f †akσfbkσ + h.c.
+(−t′δγ(k)− µ)(f †akσfakσ + f †bkσfbkσ)
−3Jmσ
2
(f †akσfakσ − f †bkσfbkσ)] + 3J(χ2 +m2). (5)
This Hamiltonian has quasiparticle spectrum
ξ±k = ±E0k − t′δγ(k)− µ, (6)
where we have defined E0k =
√
(tδ + Jχ2 )
2|f(k)|2 + 94 (Jm)2. It is noted that
an antiferromagnetic gap 32Jm is opened in E0k. For a half-filling system with140
t′ = 0, the whole system is gapped and this corresponds to an antiferromagnetic
Mott insulator but not a Slater insulator since the gap of the latter one is formed
in terms of band-filling.
The free energy reads
F = 3J(χ2 +m2)− 2T
∑
k,α=±
ln(1 + e−βξ
α
k ),
and the resulting mean-field self-consistent equations can be obtained by145
∂F
∂m2
= 0,
∂F
∂χ
= 0, (7)
7
which read
1 =
3
4
J
∑
k
fF (ξ
−
k )− fF (ξ+k )
E0k
. (8)
6χ = (tδ +
Jχ
2
)
∑
k
|f(k)|2 fF (ξ
−
k )− fF (ξ+k )
E0k
. (9)
Besides, the chemical potential µ is determined by nc = 2(1− δ) = −∂F∂µ , which
gives the last equation
2(1− δ) = 2
∑
k
[fF (ξ
−
k ) + fF (ξ
+
k )]. (10)
With Eqs. (8) - (10), the mean-field parameters m and χ are calculated
with the fixed temperature and doping δ. In the present paper, we use t =150
−1, t = 0.1, J = 0.3 and T = 0.01.[T = 0.01 is sufficient to get the correct
result for the ground-state and we have checked that the lower temperature
T = 0.001 does not change the results obtained at T = 0.01.] In Fig.1, the
mean-field parameters magnetization m and valence-bond order χ are shown in
the antiferromagnetic normal state. It is clear to see that the antiferromagnetic155
SDW state persists up to δ = 0.11 and vanishes for larger doping level. Sur-
prisingly, the position of the vanishing point of magnetization agrees fairly well
with density-matrix-renormaliztion-group and GTPS calculation,[5] which sug-
gests that the qualitative or even quantitative physics is correctly captured by
the present straightforward mean-field approximation. Meanwhile, the valence-160
bond order χ, which denotes the kinetic energy gained by resonant spin-singlet
exchange, increases upon doping and reach it maximal value after δ = 0.11.
Now, let us try to understand the mentioned doping evolution more intuitively.
At half-filling, the kinetic energy is spoiled by the no double occupation con-
dition and the system organizes itself to form the bipartite antiferromagnetism165
to optimize the energy of ground-state. Then, upon doping, the Neel antiferro-
magnetic state is frustrated by the appearance of doped holes and the kinetic
energy is strengthened by more available empty sites. When a critical dop-
ing level approaches, the antiferromagnetic background is killed and the kinetic
energy finally wins.170
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χ
Figure 1: The magnetization m and valence-bond order χ as functions of doping in the
antiferromagnetic normal state.
Experimentally, the angle-resolved photoemission spectroscopy (ARPES) is
often used to detect single-particle information and the Fermi surface topology.
Here, the corresponding ARPES intensity of the antiferromagnetic normal state
is shown in Figs.2,3 and 4, which is defined as
I(k) =
∫ b
a
dωA(k, ω) =
∫ b
a
dω[− 1
π
TrG(k, ω)]
≈ δ
∫ b
a
dω[
Γ/π
(ω − ξ+k )2 + (Γ/π)2
+
Γ/π
(ω − ξ−k )2 + (Γ/π)2
]
with a = −b = 0.1 are the integrated regime of usual experiments, and we175
take Γ = 0.01. The ARPES intensity shows clearly that a single-band with
large Fermi surface (basically formed by ξ−k ) is active and this is crucial for the
domination of d-wave pairing over the extended s-wave one.
4. Superconducting state with antiferromagnetism
In this section, we discuss the mean-field solution of possible superconducting180
(SC) state with antiferromagnetism. Here, we do not immerse into the elusive
9
Figure 2: The calculated ARPES intensity of the antiferromagnetic normal state at doping
level δ = 0.02.
10
Figure 3: The calculated ARPES intensity of the antiferromagnetic normal state at doping
level δ = 0.05
Figure 4: The calculated ARPES intensity of the antiferromagnetic normal state at doping
level δ = 0.10
12
issue of pairing mechanism but only mention that the antiferromagnetic Heisen-
berg exchange term is able to induce the superconducting pairing based on the
resonance-valence-bond (RVB) picture[3, 2] or antiferromagnetic spin fluctua-
tion framework.[24, 25, 26] We should emphasize that the use of t-J-like model185
does not always imply that its pairing mechanism is RVB. In some sense, one
may use the renormalized t-J-like model[2] and analyze its pairing instability in
terms of perturbative renormalization group,[27] which could be a starting point
for spin fluctuation analysis.[28] In addition, we note that functional renormal-
ization group (fRG) calculations are made for a general Hamiltonian on the190
honeycomb lattice.[12, 4] They find that the system appears to flow toward a
d+id superconducting state as the temperature is lowered. The driven force of
superconducting pairing seems to be the antiferromagnetic spin fluctuation in
this framework, but for the present t-J-like model it is not clear whether this
mechanism really works. We should remind the reader that due to the noto-195
rious projection operator, the functional renormalization group method cannot
directly attack the t-J-like model, thus it is still unknown whether antiferro-
magnetic spin fluctuation mechanism is responsible for the d-wave pairing in
the strongly coupled t-J-like model. However, if one believes that result of the
weak and intermediate coupling regime is able to smoothly evolve into strong200
coupling regime, the fRG might have given the solution in such systems. [To our
knowledge, no functional renormalization group calculations have been made in
t-J-like models.]
Using Eqs. (4) and (5), the mean-field Hamiltonian for the superconducting
state reads205
HSCA =
∑
kσ
[(−tδf(k)− Jχ
2
)f †akσfbkσ + h.c.
−(t′δγ(k) + µ)(f †akσfakσ + f †bkσfbkσ)
−3Jmσ
2
(f †akσfakσ − f †bkσfbkσ)]
+
J
2
∑
k
[∆kf
†
a−k↓f
†
bk↑ +∆kf
†
b−k↓f
†
ak↑ + h.c.]
13
+3J(χ2 +m2 +
1
2
∆2). (11)
Here, the d + id-wave pairing gap function ∆k = ∆Γ(k) with Γ(k) = e
ikx +
e−ikx/2(
√
3 sin(
√
3ky/2) − cos(
√
3ky/2)).[4] In addition, if one is interested in
the extended s-wave pairing, the corresponding pairing gap function reads as
∆k = ∆f(k) with f(k) = e
ikx + 2e−ikx/2 cos(
√
3ky/2).[23] Note that the true
superconducting pairing function should be ∆SCk = δ∆k with the strong doping210
dependence δ. Therefore, a superconducting dome may form if ∆ decreases as
doping increases.
The corresponding mean-field equations are readily derived as
1 =
3J
8
∑
k
1
E0k
(
ξ+k
E+k
tanh
E+k
2T
− ξ
−
k
E−k
tanh
E−k
2T
),
6χ =
1
2
(tδ +
Jχ
2
)
∑
k
|f(k)|2
E0k
(
ξ+k
E+k
tanh
E+k
2T
− ξ
−
k
E−k
tanh
E−k
2T
),
3
2
=
J
4
∑
k
|Γ(k)|2( 1
2E+k
tanh
E+k
2T
+
1
2E−k
tanh
E−k
2T
),
2(1− δ) =
∑
k
(2− ξ
+
k
E+k
tanh
E+k
2T
− ξ
−
k
E−k
tanh
E−k
2T
).
Here, the SC quasiparticle energy is defined as E±k =
√
(ξ±k )2 +
J2
4 |∆k|2.
The mean-field parameters m, ∆ and true SC pairing order ∆SC are shown215
in Fig.5. It can be seen that there exists a large coexistent regime for anti-
ferromagnetic SDW and superconducting states up to doping level δ ≃ 0.11.
Interestingly, this value of doping is exactly identical to the one in the pure
antiferromagnetic SDW phase discussed in last section, which suggests that
the two symmetry-breaking phases are not competing so strongly at least in220
the present mean-field level. However, we should emphasize that if fluctua-
tion beyond mean-field is included as shown in the typical fRG calculation,[29]
antiferromagnetic and superconducting order will show a tendency of mutual
exclusion, which indicates a strong competition in contrast to the mean-field
result. Another interesting point is that the maximal SC pairing order appears225
when the antiferromagnetic SDW just vanishes. In some sense, this feature is
14
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∆
∆SC
Figure 5: The doping evolution of the mean-field parameters magnetization m, pairing order
∆ and true SC pairing order ∆SC are shown in superconducting state.
due to the interplay of pairing and antiferromagnetic order, but the detail of this
issue is still unknown to our knowledge. [The position where the d-wave order
parameter vanishes seems to deviate from the one given in Ref.[4], which is due
to a different choice of the exchange coupling parameter and the inclusion of t′.230
The choice in the preset work has the benefit to link with numerical calculations
in GTPS.]
In addition, when comparing the mean-field result with the numerical simu-
lation of GTPS,[5] to our surprised, the coexistent regime found in our present
paper agrees rather well with the coexisting regime 0 < δ < 0.1 obtained by235
GTPS. This implies that the simple and physically transparent mean-field the-
ory has captured the basic feature of the t-t′-J model on honeycomb lattice
4.1. The local density of state of superconducting state
The local density of state (LDOS) of the superconducting state, which can be
readily measured by scanning tunneling microscopy[30] or point-contact spec-240
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−0.2 −0.1 0 0.1 0.20
2
4
6
8
10
ω
N
(ω
)
Figure 6: The local density of state in superconducting state at doping δ = 0.05.
troscopy experiments, has a simple form
N(ω) =
∑
k,α=±
[δ(ω − Eαk ) + δ(ω + Eαk )].
In Figs. 6 and 7, the typical LDOS is shown and the full SC gap is clearly
shown as indicated by the BCS coherent peak, which is an explicit signature of
the generic d + id superconducting pairing state. Note that the large peak at
high energy (ω ∼ 0.09) just reflects the van Hove singularity point but not the245
familiar BCS coherent peak.
4.2. The thermodynamic entropy of superconducting state
Another useful physical observable of SC phase is the thermodynamic en-
tropy, whose expression reads
S =
2
T
∑
k,α=±
[Eαk fF (E
α
k ) + T ln(1 + e
−βEαk )].
250
From Figs.8 and 9, the entropy at low temperature is suppressed, which also
consists with the gapped d + id pairing state. (A fitting with S ∼ T 2 is not
good, thus the gapless (nodal) SC state is excluded.)
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Figure 7: The local density of state in superconducting state at doping δ = 0.10.
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Figure 8: The thermodynamic entropy in superconducting state at doping δ = 0.05.
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Figure 9: The thermodynamic entropy in superconducting state at doping δ = 0.10.
4.3. An effective single-band picture for superconducting state
As noted in last section, the active band is only the ξ−k band and it is helpful255
to develop an effective single-band picture to understand the basic properties
of superconducting state. First, the antiferromagnetic mean-field Hamiltonian
HAFM can be diagonalized as
HAFM =
∑
kσ
[ξ+k A
†
kσAkσ + ξ
−
k B
†
kσBkσ]
by using the transformation relations between original fermions and antiferro-
magnetic quasiparticle fakσ =
1√
2
[(αk − σβk)Akσ + (αk + σβk)Bkσ ] and f bkσ =260
e−iθk√
2
[(αk + σβk)Akσ + (−αk + σβk)Bkσ]. Here, we have defined α2k = 1− β2k =
1
2 (1 +
ε¯k
E0k
) with ε¯k =
√
(tδ + Jχ/2)2|f(k)|2 and θk = arctan( Imf(k)Ref(k) ).
Then, adding the pairing term and neglecting the contribution of ξ+k , namely
the Akσ quasiparticles, we have the expected effective single-band superconduct-
ing model265
H =
∑
kσ
[ξ−k B
†
kσBkσ ] +
∑
k
[∆˜kB
†
k↑B
†
−k↓ + h.c.],
18
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Figure 10: The normalized superfluid density ρs(T )/ρs(0) versus temperature T.
where the effective gap function ∆˜k =
J
2∆k(− cos θk− 2iαkβk sin θk). Basically,
the nodal properties of ∆˜k is similar to ∆k, thus the d + id feature of ∆k is
preserved in the present simplified model. Utilizing this single-band model,
many physical observable can be readily calculated or argued.[32]
4.4. Remark on other observables270
The superfluid density, which directly detects the quasiparticle of SC phase,
is expected to have similar behavior as the usual uniform s-wave case since the
low energy excitations are all gaped. [The low temperature part of superfluid
density is determined by the DOS of SC quasiparticle [32] and the gapped
d + id-wave leads to the gapped DOS as shown in previous calculation.] We275
also note that in contrast to the case in the electron-doped cuprate,[33, 34] the
single-band superfluid density formula can be used for the present case as what
has been discussed in last subsection. Using the effective single-band superfluid
density formula ρs(T ) =
∑
k
[
−∂
2ξ−
k
∂k2µ
ξ−
k
E−
k
tanh(
E−
k
2T ) + 2(
∂ξ−
k
∂kµ
)2
∂fF (E
−
k
)
∂E−
k
]
, [32] we
have plotted its typical result in Fig.10 with doping δ = 0.07, which is consistent280
with the exponential behavior at low temperature.
19
The temperature dependent magnetization should behave as the superfluid
density, which shows exponential behavior at low temperature. Moreover, with
the single-band picture, the temperature dependence of the Knight shift (Ks)
and the spin relaxation rate ( 1T1 ) are[35]285
{Ks, 1
T1
} ∝
∫
dω{1, TN(ω)}N(ω)∂fF (ω)
∂ω
.
Since the DOS (N(ω)) is gapped at low energy, we expect that both Ks and
1
T1
have exponential decays at low temperatures, which may be detected in future
experiments.
5. Comparison to the square lattice case
In the main text, we have studied the basic feature of t-t′-J model on the290
honeycomb lattice. Here, it is interesting to compare it to the more familiar
case on the square lattice. Because the antiferromagnetism plays a major role
in our present model, we should compare it to the t-t′-J model for electron-doped
cuprate, where the AF long-ranged order persists up to δ ∼ 0.15 and coexists
with SC phase. For the antiferromagnetic normal state, the doping evolution of295
magnetization is similar to that in Ref.[15]. We note that the AF order vanishes
at lower doping level in our case, which is due to the low nearest-neighbor
number. However, the Fermi surface topology is rather different since the one
on the square lattice shows two-band behavior while only one band is active in
our case. As for the superconducting state, using the same method in Ref.[15],300
we obtain the doping evolution of the mean-field parameters magnetization m
and pairing order ∆ and true SC pairing order ∆SC on the square lattice case
in Fig.11. We can see that the doping evolution of the mean-field parameters is
similar when compared to the honeycomb lattice case of Fig.5 but it should be
emphasized that the SC pairing on the square lattice is the usual dx2−y2-wave305
while our case is d+ id-wave. The differences on physical quantities like LDOS
or entropy are obvious due to the gaplessness of dx2−y2-wave. The topological
properties of d + id superconducting state can also be understood from the
single-band model and we do not discuss it but refer the Reader to Ref.[35].
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Figure 11: The doping evolution of the mean-field parameters magnetization m and pairing
order ∆ and true SC pairing order ∆SC on the square lattice.
6. Conclusion310
In this paper we study systematically the t-t′-J model on honeycomb lattice
by the slave-boson mean-field method. It is found that the antiferromagnetism
as a function of doping is consistent with the existing numerical calculation in
the normal state. When the superconducting instability is considered, the su-
perconductivity and antiferromagnetism can coexist in a broad doping regime,315
which is again in good agreement with the numerical calculation. These results
indicate that the slave-boson mean-field theory is a simple but reliable method in
treating such strongly correlated systems, specifically, in the presence of antifer-
romagnetic long-range order. We also further explore the local density of states,
its thermodynamic properties of the superconducting state and the transport320
behaviors like the superfluid density, which are useful to further experimental
study on this honeycomb compound In3Cu2VO9, specially, the possible super-
conductivity by introducing carriers. Our work is also helpful in understanding
of the unconventional superconductivity on general two-dimensional correlated
21
electron systems.325
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